The composition and distribution of d o -and sialoglyamnjugates in human laryngeal glands have been investigated at light and electron microscopic levels by use of peroxidase-, digoxigenin-, and colloidal gold-conjugated lectins in combination with several chemical and enzymatic deglycosylation procedures. The present study reveals a variety of terminal Oligosaccharide sequences in serous and mucous glands.
Introduction
Glycoproteins constitute the major component of human airway secretions. Glycoproteins have been reported to play protective, barrier and transport functions in the airways (Kaliner et al., 1986) . Characterization of airway glycoproteins has been carried out by both biochemical and histochemical approaches (Klein et al., 1993; Lamblin et al., 1992; Sangadala et al., 1992; Castells et al., 1990 Castells et al., ,1991 Plotkmki et al., 1990; Wasano et al., 1988; Breg et al., 1987; Kaliner et al., 1986; Spicer, 1983,1985; Spicer et al., 1983a,b; Mazzuca et al., 1982) . Sialic acid has been described as the usual terminal residue of the oligosaccharide side-chain of glycoproteins. Sialoglycoconjugates have been involved in important roles in the physiology of normal and transformed cells, including intercellular recognition and protective function (Mandal and Mandal, 1990) . Thus, influenza A, B, and C viruses utilize sialic acid as the pri-Supported by grant PB90-0310 from the Spanish DGICYT. MA is supported by a fellowship from the Comunidad Autdnoma de la Regidn de Murcia (Spain) and JAM-M is supported by a fellowship from the Ministerio de Educacidn y Ciencia (Spain). ' Correspondence to: Prof. J. Ballesta, Sect. of Histology and General Embryology, Dept. of Cell Biology, Medical School, University of Murcia, E-30071 Murcia, Spain. mary receptor determinant for attachment to cell surface receptors (Rogers et al., 1986) . The biological significance of sulfate groups on the oligosaccharide side-chains of glycoproteins is largely unknown. However, it has been suggested that both sialylation and sulfation may be important by increasing the resistance of mucus to bacterial degradation (Rhodes et al., 1985) . The type of linkage of sialic acid to penultimate residues and the occurrence of sulfate groups have also been suggested as regulatory factors of the viscoelastic properties of secretions (Kasinathan et al., 1991; Slomiany et al., 1991) .
Lectins are proteins or glycoproteins of non-immune origin with the ability to recognize specific saccharides (Leathem and Atkins, 1983) . In the past few years, several lectins recognizing N-acetylneuraminic acid (Neu5 Ac) have been investigated (Mandal and Mandal, 1990) . Wheat germ agglutinin (WGA) shows affinity for Neu5Ac due to the structural similarity of Neu5Ac to D-GIcNAc, which was the preferred ligand of this lectin (Monsigny et al., 1980) . Limaxflavus agglutinin (LFA) binds to Neu5Ac and 0-acyl derivatives (Ravindranath et al., 1985) . Lectins from Maackzu amurensis (MAA) and Sambucus nigru (SNA) show affinity for a specific type of Neu5Ac linkage. MAA reacts with Neu5Ac (a2-3) Gal (pl-4) GlcNAc sequence and SNA shows affinity for Neu5Ac (a2-6) GallGaINAc (Knibbs et al., 1991; Shibuya et al.. 1987) . 485 486 CASTELLS, MADRID, AVILES, MARTINEZ-MENARGUEZ, BALLESTA The in situ localization of the binding sites of these lectins, in combination with enzymatic and chemical treatments of tissue sections, contributes to discrimination of the terminal sequences of glycoproteins. The application of lectin-and glycoprotein-gold complexes at the ultrastructural level has been revealed as an optimal technique for morphological determination of specific sugar moieties in intracellular compartments of several cell types (Madrid et al., 1990; Roth, 1984) .
In the present study, different lectins were used in combination with enzymatic and chemical deglycosylation and desulfation procedures to characterize the sulfo-and sialoglycoconjugates in human laryngeal glands.
Materials and Methods

Chemicah
Peroxidase-labeled lectins obtained from the following species were purchased from Sigma (Poole, UK): Arachis hypogaea (PNA), Triticum vulgare (WGA), GLycine max (SBA), and Ricinus communis (RCA-I). Peroxidase-conjugated Lim&vus (PA) was from ICN (Bucks, UK). Digmigenin (DIG)-conjugated lectins from Daturastramonium (DSA), Sambucus nigra (SNA), Maackiaamurensis (MAA), and Arachis hypogaea (PNA) were obtained from Boehringer Mannheim Biochemica (Barcelona, Spain). Unconjugated L. FA was from Calbiochem (La Jolla, CA). Unlabeled MAA and SNA and a digoxigenin antibody labeling kit were from Boehringer Mannheim. Neuraminidase (Type V from Clostridium perfringens), N-acetylglucosamine (GlcNAc), P-D-galactose (Gal), N-acetylneuraminic acid (NeuSAc), fetuin-gold, ovomucoid, DSA, SBA, RCA-I, WGA, bovine serum albumin (BSA), and 3.3'-diaminobenzidine teuahydrochloride were purchased from Sigma. Neu5Ac(a2-3)lactose, Neu5Ac(a2-6)lactose, and N-acetyllactosamine were from W o r d Glycosystems (Oxon, UK). Neuraminidase from Arthmbacter ureafaciens, peroxidase-conjugated sheep anti-DIG Fab fragments, and unlabeled mouse anti-DIG antibody were from Boehringer Mannheim. Mouse monoclonal anti-blood group H, A, and B were from Dako (Hamburg, Germany). Peroxidase-conjugated goat antimouse IgG+IgM was from Ego (Burlingame, CA) and gold-labeled goat anti-mouse IgG+IgM from Biocell (Cardiff, UK). Polyethylene glycol (PEG) (Mw 20,000), sodium citrate, potassium carbonate, sodium ascorbate, and tetrachloroauric acid (HAuC4.2HzO) were obtained from Merck (Darmstadt, FRG). All other reagents were of the highest available purity. The specifcities ofthe lectins used in the present study are summarized in Table 1 .
Tissue Preparation
Human larynx specimens were obtained from laryngectomies (n = 7) performed for malignant tumors. Samples were taken from uninvolved areas: supraglottis, glottis, and subglottis. Normal appearances were histologically tested.
For light microscopic study, tissue samples were fixed in 10% buffered formalin in PBS for 10 hr. processed, and embedded in paraffin.
For electron microscopy, samples were fixed in 1% glutaraldehyde in PBS for 2 hr. After washing in PBS, tissues were immersed in 0.5 M NKCI in PBS for 1 hr to block free aldehyde groups. Then the specimens were washed in PBS and embedded in Lowicryl K4M at low temperature (Carlemalm et al., 1982) . Ultra-thin sections were mounted on formvar-carbon-coated nickel grids.
Since human endothelium and red blood cells show blood group ABH antigens, the blood group status of the patients was determined by examination of the red blood and endothelial cells in tissue sections stained with mouse monoclonal anti-blood group A (1:50), anti-blood group B (1:50), and anti-blood group H (l:lOO), followed by incubation in peroxidaseconjugated goat anti-mouse IgG+IgM (1:lOO). All patients were blood group H.
Preparation of Gol'd Compl'exes
Monodisperse colloidal gold solutions with mean particle diameters of 14 and 10 nm were prepared according to Frens (1973) and Slot and Geuze (1985) , respectively. Mean particle diameter was checked by means of an IMCO 10 image analyzer computer (Konuon Bildanalyse) with Microm Image Processing software (Microm; Barcelona, Spain).
Optimal pH and minimal amount of protein needed for stabilization of the colloidal gold solution were determined by the salt flocculation test (Geoghegan and Ackerman, 1977) . Protein-gold complexes were prepared by mixing 10 ml of colloidal gold with 1 ml of double-distilled water containing either 16 pg of ovomucoid (pH 4.8) or 130 pg of RCA-I (pH 8). Conjugation of lectins and glycoproteins to colloidal gold was carried out as previously described Madrid et al., 1990) .
Preparation of SBA-DIG Complex
Digoxigenin-SBA complex was prepared by chemical coupling of digoxigenin-carboxymethyl-N-hydroxysuccinirnide ester (DIG-NHS) to the amino group of the lectin using the digoxigenin antibody labeling kit from Boehringer Mannheim Biochemica. DIG-NHS 0.032 mg was mixed with 1 mg of SBA for 2 hr. The digoxigenin-lectin complex was purified on a 
Cytochemical Labeling
Light Microscopy. Staining with peroxidase conjugated lectins (WGA, RCA-I, LFA, PNA, SBA) was performed as previously described (Castells et al., .1991 .
For labeling with lectin-DIG conjugates, a two-step technique was applied (Sata et al., 1990) . In brief, endogenous peroxidase activity was destroyed by a 30-min treatment with 0.3% H202 in TBS (Tris-buffered saline, pH 7.4). Sections were rinsed in TBS, covered with l% BSA in TBS for 10 min. and incubated in the following lectin-DIG conjugates for 90 min at room temperature (RT): DSA 10 pglml; MAA 10 pglml; and SNA 15 pglml. After two rinses for 5 min in TBS, sections were incubated with peroxidase-conjugated anti-DIG Fab (0.6 Ulml) for 1 hr at RT. The peroxidase activity was visualized with 0.05% 3,3'-diaminobenzidine and 0.015%
HzOz.
Electron Microscopy. One-step, two-step, and three-step methods were applied. The one-step method was used for RCA-I labeling. Grids were incubated for 5-10 min in 0.5% BSA in PBS and then with gold-labeled lectin diluted 1:lO in PBS containing 0.5% BSA and 0.05% Tween 20.
For DSA, WGA, and LFA, a two-step method with ovomucoid-gold (for DSA and WGA) and fetuin-gold (for LFA) was used Roth, 1983a,b) . Ultra-thin sections were incubated for 5-10 min in 0.5% BSA and then transferred to a drop of unlabeled DSA (25 pglml), WGA (25 pglml), or LFA (100 pglml) Table 2 
. Determination of lectin afinities in serous cells of human laryngeal glands by combination of light and electron microscopic resultsaf
Intensity of reaction: -, negative; + , weak; + + . moderate; + + + , strong. diluted in the appropriate buffer for 1 hr. After washing, the grids were floated on a drop of gold-labeled ovomucoid (1:80 for DSA 150 for WGA), or gold-labeled fetuin (1:25 for LFA) for 1 hr. For DSA and WGA the buffer was PBS. and for LFA TBS was used.
Abundant. Reaction localized in electron-lucent portions and limiting membrane of
For MAA, SNA, SBA, and PNA, a three-step method was applied. Ultrathin sections were incubated 5-10 min in 1% BSA in TBS and then transferred to a drop of DIG-labeled MAA (150 pglml), SNA (200 pglml), SBA (1:lO). and PNA (20 pglml) for 90 min. After washing in the buffer, the grids were floated on a drop of unlabeled anti-DIG antibody (2 pglml in TBS) for 1 hr. After a further washing, the third layer, an anti-mouse polyvalent immunoglobulin-gold conjugate (10 nm) diluted 1:20 in TBS containing 1% BSA, 0.05% Tween 20, and 0.05% Triton X-100 was applied for 1 hr.
After cytochemical gold labeling. grids were washed in the corresponding buffer and double-distilled water. Ultra-thin sections were counterstained with uranyl acetate (8 min) and lead citrate (4 min).
Enzymatic and Cbemical Treatments
Desialylation was performed by chemical (acid hydrolysis) and enzymatic (neuraminidase) methods. Incubation conditions with neuraminidase from C/ostridium perfringens at LM EM level have been described previously . For neuraminidase from Atthrobacter rreafczens, sections were incubated for 12 hr at 37'C in 0.2 M acetate buffer (pH 5.2) containing 0.25 Ulml enzyme and 2% BSA. Acid hydrolysis was performed by incubation of the sections in 0.1 M HCI for 3 hr at 84°C (Gamer and Jolles, 1969). Desulfation technique consisted of a sequential methylation-saponification process (Madrid et al., 1989;  Spicer and Lillie, 1959) . Demonstration of sulfate groups was also performed by the iron diamine technique (HID) (Spicer, 1965 
Results
Light Microscopy
The lectin-binding pattern is summarized in Tables 2 and 3. Secretory granules of serous cells were reactive to LFA, MAA, SNA, DSA, and WGA (Figures 1-3) . The Golgi areas of the serous cells were strongly labeled by WGA. Secretory granules of mucous cells reacted intensely with LFA and WGA and slightly with MAA, SNA, and RCA-I. Golgi areas of mucous cells were stained by WGA.
Desialylation treatments used in the present study (neuraminidase and acid hydrolysis) yielded similar results. After desialylation, secretory granules of serous cells were labeled by PNA (Figures  4a and 4b) and RCA-I. However, binding of MAA, SNA, and LFA was completely abolished, and WGA labeling was decreased. Golgi areas of serous cells remained reactive to WGA. In the mucous cells, WGA reactivity of the Golgi areas was not modified by the desialylation procedures, whereas a variable intensity (from negative to moderately positive) was detected in secretory granules. SBA reactivity was unmasked in mucous cells after desialylation digestion. Labeling by MAA, SNA, and LFA was strongly reduced after desialylation procedures. The DSA-binding pattern was not modified by desialylation treatments.
Desulfation treatment mainly modified the binding patterns of PNA (Figure 4c ), RCA-I, and SBA. Mucous secretory granules became moderate to strongly reactive to PNA, RCA-I, and SBA. Some serous cells also showed affinity for PNA and RCA-I.
ELectron Microscopy
The luminal surfaces of the serous cells were slightly reactive to LFA, MAA, SNA, DSA, and WGA. Basolateral membranes showed affinity for LFA. MAA, DSA, and WGA. Trans cisternae of Golgi complex and the trans-Golgi network were specifically labeled by LFA, MAA, SNA, and RCA-I, while DSA and WGA bound to cis, medial, and trms cisternae (Figures 5 and 6 ). Secretory granules of serous cells showed a variable morphology including electrondense, bizonal. and electron-lucent granules. The content of secretory granules was strongly labeled by LFA, MAA, SNA, and WGA ( Figures 5-7) . The limiting membrane and clear halo of the electrondense serous granules were labeled by DSA. This lectin also bound to both electron-lucent granules and electron-lucent portions of bizonal granules in serous cells (Figures 8a-8c) . Some reactivity to DSA and LFA was observed in the lysosome-like bodies.
In the mucous cells, the luminal surface was reactive to WGA. Basolateral membranes showed a slight affinity for LFA and DSA. WGA bound to cis-, medial, and trans-Golgi cisternae, while LFA, DSA, and RCA-I labeled the trans-Golgi network (Figures 9 and  10) . Secretory granules were strongly labeled by LFA and WGA and moderately by RCA-I (Figures 9 and 10) . Lysosome-like bodies were intensely reactive to DSA (Figure 11) .
After neuraminidase digestion, serous secretory granules increased their affinity for PNA and RCA-I. Reactivity to PNA was mainly observed in electron-lucent zones of serous secretory granules (Figures 12a and 12b) . Reactivity to WGA was abolished in some serous secretory granules. In the mucous cells, the PNAbinding pattern was not modified, whereas RCA-I increased the binding in secretory granules and the trans side of the Golgi complex. Reactivity to WGA in secretory granules was abolished in some mucous cells but others showed labeling. Golgi cisternae remained reactive to WGA.
Discussion
Previous biochemical studies of the epithelial secretions of the airways have revealed a mixture of 0and Winked glycoproteins containing neuraminic acid residues (Lamblin et al., 1992; Sangadala et al., 1992) . However, the model for collection of secretions (usually requiring manipulations such as airway lavage or insertion of collection devices) and the heterogeneity of the cellular sources of respiratory secretions have made difficult the determination of the precise cellular or intracellular origin and distribution of sulfo-and sialoglycoconjugates. In the present study, the subcellular distribution of sulfo-and sialoglycoconjugates of the human laryngeal glands is shown. The terminal oligosaccharide sequence of secretory glycoproteins is also characterized.
The Golgi complex has been established as the main site of glycosylation (Strous and Dekker, 1992; Carraway and Hull, 1989; Roth, 1987; Kornfeld and Kornfeld, 1985) . Results obtained in the present study with LFA and desialylation-WGA in the Golgi complex of both serous and mucous cells indicated that addition of Neu5Ac to the oligosaccharide chains occurs in the trans cisternae. WGA reactivity also indicated the incorporation of GlcNAc residues into cis, medial, and trans cisternae in serous and mucous cells. This reaction remained after neuraminidase digestion. After this enzymatic treatment, the absence of WGA labeling in some mucous and serous granules might be caused by the sequential addi-4c - tion of other saccharide residues blocking binding of WGA to GlcNAc. Incorporation of Gal or Gal(~l-4)GlcNAc residues was demonstrated by RCA-I labeling in trans-Golgi cisternae of mucous and serous cells (Tables 2 and 3). Decrease of WGA reactivity in secretory granules after neuraminidase digestion also indicated the existence of terminal neuraminic acid residues. Recently, several lectins recognizing Neu5Ac have been characterized (Mandal and Mandal. 1990 ). Some lectins bind only a specific type of linkage of Neu5Ac. Thus, SNA showed affinity for NeuSAc(a2-6) GallGalNAc but it was not reactive to terminal Neu5Ac(a2-3) link- ages (Shibuya et al., 1987) . MAA reacted with Neu5Ac(a2-3)Gal (p1-4) GlcNAc sequences (Knibbs et al., 1991) .
In human laryngeal serous cells, both tsans cisternae of the Golgi complex and secretory granules were labeled by MAA and SNA, thus indicating the occurrence of the sequences Neu5Ac(a2-3)Gal (b1-4)GlcNAc and NeuSAc(a2-6)Gal/GalNAc, respectively. No terminal galactose residues were shown by PNA or RCA-I, but they were revealed after neuraminidase digestion demonstrating the occurrence of Neu5Ac(a2-3/6)Gal(~l-3)GalNAc and Neu5Ac( a2-3) Gal(b1-4)GlcNAc sequences. The sequence NeuSAc-Gal has also been demonstrated in rat and human tracheal and bronchial glands by neuraminidase-PNA treatment Plotkowski et al., 1990; Schulte and Spicer, 1983) . In the present study, DSA reactivity was mainly localized in the limiting membrane of serous secretory granules, similar localization having been previously reported in serous cells of sheep submandibular glands (Egea et al., 1989) . Some serous cells contained electron-lucent secretory granules showing intense DSA labeling over the content of the granules, whereas in typical serous cells that contained electron-dense granules, DSA bound only to the limiting membrane of the granules. Reactivity to DSA in the content of secretory granules suggests the occurrence of oligosaccharides containing terminal Gal( p1-4)GlcNAc sequences in complex-type N-linked oligosaccharides.
Previous studies have indicated that secretory granules of serous and mucous cells of the respiratory system may differ moderately in morphology and cytochemical activity (St George et al., 1984 Spicer et al., 1983a,b; Mochizuki et al., 1982) . In the present study, the matrix of serous granules of human laryngeal glandular cells showed a variable morphology: electron lucent, electron dense, and bizonal. Lectin binding pattern of the electronlucent areas of monozonal and bizonal granules was similar and differed from the electron-dense zones. Mucous granules were predominantly electron lucent, but lectin reactivity was not similar to that of electron-lucent serous granules. The present findings indicate that (a) the carbohydrate content of the granules was heterogeneous, (b) a progressive transformation of electron-lucent, bitonal, and electron-dense granules in serous cells may be suggested, and (c) variability in granule morphology may be related to functionally or chemically different products of secretion.
A previous study in rat larynx with classical histochemical techniques has also showed differences in the carbohydrate content of zones within granules and occasional differences between granules in a cell profile. Spicer et al. (1983a) demonstrated, by means of conventional histochemical techniques, abundant sulfate residues in serous tubules of the tracheobronchial region and few sialylated glycoproteins. The present histochemical findings indicate that the oligosaccharides of the glycoproteins contained in serous cells of laryngeal glands show a low content of sulfate groups, included in S04Gal(~l-3)GalNAc sequences, and a large amount of sialic acid residues compared with the mucous cells. This discrepancy may be caused by the application, in this study, of more specific histochemical techniques, using lectins and chemical and enzymatic treatments. However, the possibility that the differences are caused by the different areas studied (tracheobronchial region vs laryngeal glands) cannot be ruled out.
In the mucous cells, a considerable number of neuraminic acid residues were detected by LFA, desialylation-WGA, and desialylation-SBA; however, the slight affinity of SNA and MAA in the Golgi complex and secretory granules of human laryngeal mucous cells suggested that the sequences Neu5Ac(a2-3)Gal(~1-4)GlcNAc and NeuSAc(a2-6)GallGalNAc are scarce. The intense reaction of SBA after neuraminidase digestion indicated that sialyl residues are mainly linked a2-3 to GalNAc.
In contrast to human bronchial mucous cells , secretory granules of human laryngeal mucous cells were unreactive to DSA after neuraminidase digestion. However, RCA-I, which also binds Gal( b1-4)GlcNAc sequences, showed affinity for the secretory granules of mucous cells. These findings may be caused by very fine differences in their affinities towards defined saccharide sequences. Thus, DSA does not interact with dibranched complex-type oligosaccharides (Green et al., 1987a) , whereas it has been reported that RCA-I strongly binds dibranched complex-type oligosaccharides (Green et al., 1987b ). An increase of RCA-I reactivity in these secretory granules was observed after neuraminidase treatment. Furthermore, sialic acid linked a2-6 to Gal(f31-4)GkNAc did not abolish the reactivity to RCA-I (Green et al., 1987b) . These fmdings suggested the occurrence ofGal(~1-4)GIcNAc in dibranched complex-type oligosaccharides and NeuSAc(a2-3) Gal(b1-4)GkNAc sequences.
After desulfation procedures, PNA and SBA bound strongly to mucous granules of human laryngeal glands. Previous studies have indicated that sulfate esters at the C-6 position of galactose are frequently identified in airway secretions (Boat and Cheng, 1980) . Eiochemical and histochemical data have shown that the C-6 hydroxymethyl group of galactose is essential for binding of PNA (Martinet-Menkguez et al., 1992; b t a n et al., 1975) . Modification of the reactivity to PNA and SBA after desulfation suggests that the glycoconjugates of the mucous granules contained sulfated galactose residues included in S04Gal(pl-3)GalNAc sequences and S04GalNAc. Lysosome-like bodies were observed in both serous and mucous cells. These cellular elements were usually reactive to DSA. This labeling was probably originated by Gal( p1-4)GlcNAc sequences of complex-type oligosaccharides contained in lysosomal enzymes. Other studies have also detected reactivity to DSA in lysosomes (Egea et al., 1989) .
In summary, the composition of the sialoglycoconjugates contained in human laryngeal glandular cells shows a great variability. Previous biochemical studies of human sputum from patients with cystic fibrosis or bronchiectasis have identified several sialylated oligosaccharides, including some of the sequences proposed in the present study: Neu5Ac(a2-3)Gal(pl-4)GlcNAc, NeuSAc(a2-6) GallGalNAc, and Neu5Ac(a2-3)Gal~l-3)Gal/NAc (Klein et al., 1993; Lamblin et al., 1992; Sangadala et al., 1992; Breg et al., 1987) . The samples obtained in these studies contained a mixture of mucous and serous secretions; therefore, no discrimination of the cell type originating the secretion was achieved. The present findings, obtained basically by the combination of lectin cytochemistry with deglycosylation procedures (see Ebles 2 and 3), suggest that serous cells contain glycoconjugates with a variety of terminal sequences. Sialylated sequences included Neu5Ac(a2-3)Gal(pl-4) GlcNAc, Neu5Ac(a2-3/6)Gal(pl-3)GalNAc, and NeuSAc(a2-6) Gal/GalNAc. Other terminal sequences were also demonstrated: Gal(fl1-4)GlcNAc and GlcNAc. Sulfate residues were scarce in the oligosaccharides of serous cells. They were contained in the sequence S04Gal(fll-3)GalNAc. In mucous cells, NeuSAc residues were mainly linked a2-3 to W A C . Sulfate residues were abundant and contained in S04Gal(fl1-4)GkNAc, S04Gal(fll-3) GalNAc, and SO4GalNAc.
